Sub-100 nm nanomagnets not only are technologically important, but also exhibit complex magnetization reversal behaviors as their dimensions are comparable to typical magnetic domain wall widths. Here we capture magnetic "fingerprints" of 10 9 Fe nanodots as they undergo a single domain to vortex state transition, using a first-order reversal curve (FORC) method. As the nanodot size increases from 52 nm to 67 nm, the 
I. Introduction
Deep sub-100 nm magnetic nanoelements have been the focus of intense research interest due to their fascinating fundamental properties and potential technological applications. [1] [2] [3] [4] [5] [6] At such small dimensions, comparable to the typical magnetic domain wall width, properties of the nanomagnets are rich and complex. It is known that well above the domain wall width, in micron and sub-micron sized patterns, magnetization reversal often occur via a vortex state (VS). [7] [8] [9] [10] [11] [12] At reduced sizes, single domain (SD)
static states are energetically more favorable. 13 However, even in SD nanoparticles, the magnetization reversal can be quite complex, involving thermally activated incoherent processes. 14 The VS-SD crossover itself is fascinating. For example, recently Jausovec et al. have proposed that a third, metastable, state exists in 97 nm permalloy nanodots, based on minor loop and remanence curve studies. 15 To date, direct observation of the VS-SD crossover, especially in the deep sub-100 nm regime, has been challenging.
Fundamentally, the vortex core is expected to have a nanoscale size, comparable to the exchange length. Magnetic imaging techniques face resolution limits and often are limited to remanent state and room temperature studies. Practically, collections of nanomagnets inevitably have variations in size, shape, anisotropy, etc. 16 The ensembleaveraged properties obtained by collective measurements such as magnetometry no longer yield clear signatures of the nucleation / annihilation fields. Furthermore, quantitatively capturing the distributions of magnetic properties are essential to the understanding and application of magnetic and spintronic devices, which may consist of billions of nanomagnets. How to qualitatively and quantitatively investigate the 3 properties of such nanomagnets remains a key challenge for condensed matter physics and materials science.
In this study, we investigate the VS-SD crossover in deep sub-100 nm Fe nanodots. We have captured "fingerprints" of such nanodots using a first-order reversal curve (FORC) method, [17] [18] [19] [20] [21] which circumvents the resolution, remanent state and room temperature limits by measuring the collective magnetic responses of the dots. The "fingerprints", shown as FORC diagrams, reveal remarkably rich information about the nanodots. A qualitatively different reversal pattern is observed as the dot size is increased from 52 to 67 nm, despite only subtle differences in their major hysteresis loops. The 52 nm nanodots behave as SD particles; the 67 nm ones exhibit VS reversal; and the 58 nm ones have both SD and VS characteristics. Quantitatively, the FORC diagram shows explicitly a coercivity distribution for the SD dots, which agrees well with calculations; it yields SD and VS phase fractions in the larger dots; it also extracts unambiguously the nucleation and annihilation fields for the VS dots and distinguishes annihilations from opposite sides of the dots.
II. Experimental
Samples for the study are Fe nanodots fabricated using a nanoporous alumina shadow mask technique in conjunction with electron beam evaporation. 22, 23 
which eliminates the purely reversible components of the magnetization. Thus any nonzero ρ corresponds to irreversible switching processes. Both coordinate systems are discussed in this paper.
III. Results
Families of the FORC's for the 52, 58, and 67 nm nanodots are shown in Figs. Oe, near the major loop coercivity value of 475 Oe. This pattern is characteristic of a collection of non-interacting SD particles. 25 Given that the nanodot spacing is about twice its diameter and the random in-plane easy axes, dipolar interactions are expected to be small. 26 The relative spread of the FORC distribution along the H B -axis actually gives 6 a direct measure of the interdot interactions, as we have shown in single domain magnetite nanoparticles with different separations. 27 The sharp ridge shown in Fig. 2 Fig. 3(b) . The relative height gives the appropriate weight of nanodots with a given coercivity. This extracted coercivity distribution can be compared with a simple theoretical calculation. The coercivity of a SD particle undergoing reversal via a curling mode increases strongly with decreasing particle size d, according to
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2(g) onto the H C -axis (H B = 0), as shown as the open circles in
where C 1 and C 2 are constants. 28 Based on the mean nanodot size and the size distribution determined from SEM, we have calculated a coercivity distribution [solid circles in Fig. 3(b) ]. A good agreement is obtained with that determined from the FORC distribution, after a rescaling of the latter by an arbitrary weight. Thus for other noninteracting single-domain particle systems with unknown size distributions, the FORC method may be used to extract that information. This is particularly important in 3D distributions of nanostructures where there is no direct image access to the individual dots, as is the case here for a 2D distribution.
As we have demonstrated earlier, the FORC distribution ρ is extremely sensitive to irreversible switching. 19 This is most convenient to see in the (H, H R ) coordinate system (meaningful data is in H>H R ), as non-zero values of ρ correspond to the degree of irreversibility along a given FORC. We have employed this capability to analyze the VS nucleation and annihilation for the 67 nm sample. The complex butterfly-like pattern of Oe. It seems more difficult to drive a vortex across the nanodot and then annihilate it.
The peaks in Fig. 4 (b) are rather broad, which is a manifestation of vortex nucleation and annihilation field distributions. Also note that the interactions among the VS dots are expected to be negligible due to the high degree of flux closure, as confirmed by simulations. 29 9
IV. Simulations and Discussions
For comparison, micromagnetic simulations have been carried out on nearly circular nanodots with 60 nm diameters and 20 nm thicknesses. 30 We have used Additionally, by selectively integrating the normalized FORC distribution 20, 21 corresponding to the SD phase (the aforementioned ridge centered at low coercivity values in Fig. 2 ), we can quantitatively determine the percentage of nanodots in SD state for each sample. The SD phase fraction is 100%, 43%, and 10% for the 52, 58, and 67 nm sample, respectively. Thus the 58 nm nanodots have a significant co-existence of both SD and VS states. However, we do not observe clear evidence of any additional metastable phase.
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V. Conclusions
In summary, we have used the FORC method to "fingerprint" the rich magnetization reversal behavior in arrays of 52, 58, and 67 nm sized Fe nanodots. 
